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Thin urrent sheets in systems of large size that exeed a ritial value of the Lundquist number
are unstable to a super-Alfvéni tearing instability, referred to hereafter as the plasmoid instability.
The saling of the growth rate of the most rapidly growing plasmoid instability with respet to the
Lundquist number is shown to follow from the lassial dispersion relation for tearing modes. As a
result of this instability, the system realizes a nonlinear reonnetion rate that appears to be weakly
dependent on the Lundquist number, and larger than the Sweet-Parker rate by nearly an order of
magnitude (for the range of Lundquist numbers onsidered). This regime of fast reonnetion is
realizable in a dynami and highly unstable thin urrent sheet, without requiring the urrent sheet
to be turbulent.
The problem of fast reonnetion in high-Lundquist-
number plasmas has attrated a great deal of attention
sine the ineption of the lassial Sweet-Parker [1, 2℄
and Petshek [3℄ models. In the Sweet-Parker model, the
reonnetion layer has the struture of Y-points, with a
length of the order of the system size L, and a width
given by δSP = L/S
1/2
L , where SL is the Lundquist num-
ber based on the system size. The steady-state reon-
netion time sale τSP is a strong funtion of SL, and
inreases as S
1/2
L . For weakly ollisional systems suh as
the solar orona, the Lundquist number is typially very
large (∼ 1012 − 1014) and hene, the time sale τSP is
of the order of years, whih is muh too long to aount
for fast events suh as solar ares. A similar diulty
appears when the Sweet-Parker model (equivalently, the
Kadomtsev model [4℄) is applied to the problem of saw-
tooth rashes in high-temperature tokamaks, where the
preditions of the model for the sawtooth rash time is
signiantly larger than that observed. These inadequa-
ies of the Sweet-Parker model has led to the point of
view that within the framework of the resistive MHD
model, it is not possible to realize fast reonnetion for
high-S plasmas.
In this Letter, we demonstrate that this widely a-
epted point of view is not orret for large systems,
haraterized by high Lundquist number (SL > 3× 104).
By large systems, we mean systems for whih the aspet
ratio of the thin urrent sheet, δSP /L, is muh smaller
than unity. In suh systems, beyond a ritial value
of SL, there appears to be three qualitatively distint
phases during the nonlinear evolution of reonnetion.
In the early nonlinear regime, the system evolves to a
quasi-steady but transient state with the harateristis
of Sweet-Parker reonnetion an extended thin urrent
sheet in whih reonnetion ours on the time-sale τSP .
This quasi-steady regime is short-lived, and is followed
by a seond phase in whih a rapid seondary instability
(referred to hereafter as the plasmoid instability) ours
and produes plasmoids opiously. Although the pres-
ene of this instability has been reognized for some time
[5, 6, 7, 8, 9, 10℄, it is only relatively reently that the pre-
ise saling properties of the most rapidly growing plas-
moid instability have been established[11, 12, 13℄. We
demonstrate here that the key properties of this instabil-
ity an be obtained as a simple extension of the lassial
dispersion relation of tearing modes [14℄, applied to a
Sweet-Parker urrent layer of width δSP . The instability
is followed by a third nonlinear phase in whih the system
exhibits rapid and impulsive reonnetion mediated by a
hierarhy of urrent sheets [9℄ with widths that are muh
smaller than δSP , with a Lundquist number dependeny
that deays faster than S
−1/2
L . When averaged over time,
reonnetion in the third nonlinear regime proeeds at a
rate muh faster than Sweet-Parker. Unlike the Sweet-
Parker reonnetion rate, whih deays as S
−1/2
L with in-
reasing SL, the reonnetion rate in the third nonlinear
phase appears to have a weak dependene on SL.
Linear Plasmoid Instability. To x ideas, onsider a
Harris sheet of width a with the equilibrium magneti
eld B = B0 tanh(z/a)xˆ, whih reverses sign at the z = 0
surfae. Aording to lassial linear tearing instability
theory, the tearing mode growth rate for the onstant-ψ
and non- onstant-ψ modes are as follows, respetively
[14℄:
γτA ∼
{
S−3/5 (ka)
−2/5 (
1− k2a2)2/5 , kaS1/4 ≫ 1
S−1/3 (ka)
2/3
, kaS1/4 ≪ 1, ka≪ 1
(1)
Here S = τR/τA, where τA = a/VA = a(4πρ)
1/2/B0
is the Alfvén time, τR = 4πa
2/ηc2 is the resistive diu-
sion time, ρ is the mass density, η is the resistivity of the
plasma, assumed to be a onstant, and c is the speed of
light. Note that the Lundquist number SL, introdued
earlier, is related to S through the relation, SL = S/ǫ,
where ǫ = a/L. Aording to the dispersion relation
1, the transition from onstant-ψ to non-onstant-ψ
modes ours at kaS1/4 ∼ 1, with a peak growth rate
that sales as γmaxτA ∼ S−1/2. Sine both branhes of
the tearing mode dispersion relation 1 yield instabilities
that grow at a rate proportional to S raised to a fra-
tional negative exponent, it may seem surprising upon
rst glane that there exists a super-Alfvéni tearing in-
2stability that atually grows at a rate proportional to SL
raised to a frational positive exponent. The key point is
that unlike the Harris sheet, whih is haraterized by an
equilibrium width a that is independent of the resistiv-
ity, the Sweet-Parker urrent sheet is haraterized by a
width δSP that has a strong dependene on the resistiv-
ity. To onnet with the results obtained in [11℄, we in-
trodue the dimensionless wave number κ = KL = ka/ǫ,
and the dimensionless growth rate γL = γτA/ǫ. In terms
of dimensionless parameters κ, ǫ, and SL, the maximum
growth rate is given by γL,max ∼ ǫ−2/3κ2/3S−1/3L , and
it ours at the wave number κmax ∼ ǫ−5/4S−1/4L . For
a Sweet-Parker urrent sheet, whih obeys ǫ ∼ S−1/2L ,
we then obtain κmax ∼ S3/8L , and the maximum growth
rate γL,max ∼ S1/4L . Note that the number of plasmoids
generated in the linear regime of this instability sales as
κmax. These saling relations are ompletely onsistent
with the results obtained for the fastest growing instabil-
ity in [11℄.
The rapidity of this instability is not limited to Sweet-
Parker urrent sheets, for we an easily extend the results
obtained above to urrent sheets that may be narrower
than Sweet-Parker urrent sheets (for the same value of
SL). If we write ǫ ∼ S−αL , where α > 0, we obtain κmax ∼
S
(5α−1)/4
L and γL,max ∼ S(3α−1)/2L . It follows then that
in sheets for whih α > 1/2, the plasmoid instability
will grow even more rapidly than in Sweet-Parker urrent
sheets of the same Lundquist number (for whih α =
1/2).
Nonlinear Evolution of Extended Current Sheets. Our
nonlinear study is arried in two-dimensional (2D), dou-
bly periodi geometry using fully ompressible MHD
equations (in dimensionless form). The magneti eld
is represented as B = ∇ψ(x, z) × yˆ where ψ is a ux
funtion and y is the ignorable oordinate, v = (vx, vz)
is the uid veloity, and p is the salar pressure, assumed
to obey an isothermal equation of state, p = 2ρT , where
ρ is the density, and T is a onstant temperature. The
relevant dynamial equations are
∂tρ+∇ · (ρv) = 0, (2)
∂tρ+∇ · (ρvv) = −∇p−∇ψ∇2ψ, (3)
∂tψ + v · ∇ψ = η∇2ψ. (4)
Our numerial algorithm [15℄ approximates spatial
derivatives by nite dierenes with a ve-point sten-
il in eah diretion, and time derivatives by a seond-
order aurate trapezoidal leapfrog method. We use
variable grids in order to resolve the sharp spatial gra-
dients in the reonnetion layer. The initial ondition
onsists of four ux tubes, whih exhibit the oales-
ene instability. The initial equilibrium state is given
by ψ = A0 sin (2πx/L) sin (2πz/L). In the results that
follow, we take L =
√
2 and A0 = L/2π, whih produes
Figure 1: Time-sequene of the nonlinear evolution of the
urrent density Jy of a Sweet-Parker urrent sheet in a large
system of Lundquist number SL = 6.28×10
5
. The blak lines
represent surfaes of onstant ψ.
a peak magneti eld of unit magnitude in equilibrium.
The initial density is taken to be approximately unity and
the pressure (alulated from the isothermal equation of
state with T = 3 throughout all simulations) is approxi-
mately equal to 6. Both density and pressure proles are
assumed to have a weak spatial dependene in order to
satisfy the magnetostati equilibrium ondition.
The ux tubes in equilibrium are unstable to the o-
alesene instability, and produe an extended urrent
sheet nonlinearly. Figure 1 shows a time-sequene of the
urrent density Jy(x, z) for SL = 6.28 × 105, whih ex-
hibits the three stages of the nonlinear dynamis, dis-
ussed above. (Here time is measured in units of τAL =
L/VA.) For onveniene of visualization, we have rotated
the urrent sheet by 45 degrees to make it horizontal.
Frame (a) represents the rst phase, the so-alled Sweet-
Parker phase of the instability, whih is haraterized
by the formation of extended, system-size urrent sheets
with the struture of Y-points. Subsequently, this ur-
rent sheet beomes spontaneously unstable to the plas-
moid instability, produing the seond phase of nonlinear
evolution (frame (b)). This seond phase is followed by
a third phase in whih reonnetion is typially impul-
sive (or bursty), signiantly faster than Sweet-Parker,
and assoiated with the spontaneous development and
ejetion of plasmoids in the outow diretion(s) (frame
()). As mentioned above, the third phase has multiple
stages. As the seondary instability develops, the initial
Sweet-Parker urrent sheet breaks up, produing islands
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Figure 2: Time-evolution of the saled reonnetion rate for
three values of the Lundquist number. The blak urve or-
responds to the ase shown in Figure 1.
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Figure 3: Averaged reonnetion rate as a funtion of SL Be-
low SL ≃ 3× 10
4
, the reonnetion rate is Sweet-Parker and
deays as S
−1/2
L , shown by the dotted line. Above this thresh-
old, the reonnetion rate beomes weakly dependent on SL.
that separate shorter, narrower and more intense urrent
sheets of width δ < δSP . These intermediate urrent
sheets beome unstable to seondary tearing instabilities
of higher growth rate than those of the initial Sweet-
Parker sheet, and lead to a regime of faster reonnetion
(frame (d)).
In Figure 2, we show the time-history of the (normal-
ized) reonnetion rate for three simulations, inluding
the high-SL simulation (blak plot) shown in Figure 1.
The reonnetion layer is along the x diretion. We use a
uniform grid along x. The grid along z is highly paked
around z = 0. Table I summarizes the number of grid
points as well as (the smallest) grid size in eah dire-
tion. (The Sweet-Parker thikness is inluded in for ref-
erene.) The reonnetion rate is alulated by taking
the time derivative of the maximum stream funtion in
the reonnetion layer, normalized to the produt of the
upstream magneti eld and the Alfvén speed, and mul-
tiplied by S
1/2
L . In Figure 2, the blak urve, whih orre-
sponds to SL = 6.28×105, has been smoothed over 0.4τA
to eliminate rapid variations in a very dynami urrent
sheet. The linear instability of the initial state produes
a Sweet-Parker urrent sheet that persists until about
t ∼ 3. After this point in time, the seondary instabil-
ity develops, breaking up the long Sweet-Parker urrent
sheet. (While the qualitative features of the instability
are those of the plasmoid instability disussed above, it
is diult to test the preise saling properties of the
linear instability during a nonlinear evolution.) There is
a rapid enhanement in the reonnetion rate that re-
mains impulsive and utuates widely even as the rate
tends to settles down to a plateau, until about t ∼ 9.
At this stage of the third nonlinear phase, some of the
small islands produed by the seondary instability oa-
lese to form larger islands that are onveted towards the
boundaries. (If the islands grow to large size but are on-
strained to stay xed at the enter of the omputational
domain by reason of symmetries imposed in the simula-
tions, the third nonlinear phase may be short-lived, and
the reonnetion rate may fall rapidly.) At about this
point in time, the extended urrent sheet shows yet an-
other burst of seondary tearing ativity produing mul-
tiple plasmoids, and a onsequent enhanement in the
reonnetion rate, whih at about t ∼ 12 attains an or-
der of magnitude higher than the Sweet-Parker rate at
this value of SL. Due to insuient spatial resolution,
aused by the slow drift of the urrent sheet away from
the region where the grid points along z are lustered, we
are not able to arry these simulations forward longer in
time.
The plasmoid instability of Sweet-Parker sheets ours
after SL exeeds a ritial value, determined numerially
to be approximately 3 × 104 in the present study. Like
the blak urve, the blue dashed urve in Figure 2 orre-
sponds to another value of SL (= 2.51 × 105) above the
threshold and shows generially similar behavior, while
the red dashed urve orresponds to a value (= 3.14×104)
at about the threshold. We have identied the plateau
regions in these urves by inspetion, and stated the or-
responding time-intervals in Table I. There is learly an
element of arbitrariness in this identiation, beause the
underlying dynamis is not quasi-steady. In fat, the dy-
namis is generially impulsive, strongly time-dependent,
involving the growth and ejetion of multiple plasmoids
in the presene, and ompliated by the sloshing of o-
alesing islands as well as the tilt and slow drift of the
urrent sheet away from the entral region. The slosh-
ing is most learly seen in the osillations of the red
urve, where the rst peak orresponds to the highest
reonnetion rate, after whih the system settles down to
a Sweet-Parker-like plateau regime. A rough denition
of the plateau region is when the reonnetion rate ap-
pears to utuate about a relatively steady value. If the
Lundquist number of the simulation is above the thresh-
old for the plasmoid instability, the plateau region is typ-
ially haraterized by the presene of multiple islands.
Figure 3 shows a plot of the averaged reonnetion rate
(normalized) as a funtion of SL. The averaged reon-
netion rate is alulated by averaging the smoothed re-
4onnetion rate urve over the plateau region. The error
bar is alulated from the standard deviation of the data
points in the plateau region. Our simulations suggest
that below a threshold, SL = 3 × 104, the reonnetion
rate exhibits Sweet-Parker saling. Over this threshold,
the averaged reonnetion rate exhibits a muh weaker
dependeny on SL. At high values of SL, the average re-
onnetion rate exeeds the Sweet-Parker rate by nearly
an order of magnitude. We onjeture that as the initial
Sweet-Parker urrent sheet is broken up into suiently
short segments, and the eetive Lundquist number of
these segments falls below the threshold of instability,
the proess will attain a quasi-steady state, provided the
reonnetion dynamis is not quenhed by the erosion
of the ux ontent of the system due to the umulative
eets of resistive diusion.
These results bear qualitative resemblane and are
omplementary to those reported in a onurrent study
[16℄, where 2D, fully eletromagneti partile-in-ell sim-
ulations that inlude a ollision operator show a regime
of fast reonnetion brought about by the onset of se-
ondary tearing instabilities. Sine the physial models
underlying the simulations presented here and in [16℄ are
quite dierent, it is not surprising that there are some im-
portant dierenes between the two studies. The initial
Sweet-parker urrent sheet realized in [16℄ shows lear
evidene of the plasmoid instability, and the width of
subsequent intermediate urrent sheet segments beomes
muh narrower as time progresses, as in the present study.
Whereas this narrowing is ontrolled entirely by the value
of the Lundquist number and an ontinue without the
intervention of kineti eets in the present study, ki-
neti eets inevitably intervene in [16℄ when the urrent
sheet beomes of the order of ion skin depth. For sys-
tems of moderate size (of the order of 200di or less), when
δ ≤ di, the simulations in [16℄ show the onset of fast re-
onnetion, onsistent with the preditions of earlier Hall
MHD models [17, 18, 19, 20℄, and veried by experiment
[21℄. However, for systems of larger size, the transition to
fast reonnetion appears to our at values of Lundquist
number that are somewhat smaller than the Hall MHD
predition [17, 18, 19, 20℄ due to the intervention of the
plasmoid instability.
In summary, we have demonstrated that within the
framework of the resistive MHD model, thin urrent
sheets in systems of large size that exeed a ritial value
of the Lundquist number are unstable to a super-Alfvéni
tearing instability, referred to here as the plasmoid insta-
bility. If the aspet ratio of the urrent sheet is written
ǫ ∼ S−αL , where α > 0, the fastest growing instability is
haraterized by a wave number κmax ∼ S(5α−1)/4L and
a growth rate γL,max ∼ S(3α−1)/2L . In the speial ase
of a Sweet-Parker urrent sheet for whih α = 1/2, we
obtain the instability disussed in [11℄. As a result of this
lass of instabilities, the system realizes a nonlinear re-
onnetion rate that appears to be weakly dependent on
the Lundquist number, and larger than the Sweet-Parker
rate by an order of magnitude (for the range of Lundquist
Table I: Details of the spatial resolution and the plateau
regime for the runs shown in Figure 2
S ∆x ∆z Nx Nz S
−1/2
L Plateau Regime
3.14e4 6.7e-4 5e-4 1501 501 5.6e-3 2.98.9
2.51e5 5e-4 9.4e-5 2001 1001 2e-3 6.913.0
6.28e5 3.3e-4 3.9e-5 3001 1001 1.26e-3 6.911.6
numbers onsidered in the present study). We note that
this weak dependeny on the Lundquist number is real-
ized in a thin urrent sheet that is violently unstable and
dynami, but not turbulent. In this respet, our results
are dierent from those obtained from turbulent reon-
netion studies in 2D [10, 22, 23℄ as well as 3D [24, 25℄,
whih also report reonnetion rates that depend weakly
on the resistivity.
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